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Low Speed Analysis of Mission Adaptive Flaps on a High

Speed Civil Transport Configuration

Summary

Thin-layer Navier-Stokes analyses were done on a high speed civil transport configuration

with mission adaptive leading-edge flaps. The flow conditions simulated were Mach--0.22 and

Reynolds number of 4.27 million for angles-of-attack ranging from 0 ° to 18 °. Two turbulence

closure models were used. Analyses were done exclusively with the Baldwin-Lomax turbulence

model at low angle-of-attack conditions. At high angles-of-attack where considerable flow

separation and vortices occurred the Spalart-Allmaras turbulence model was also considered. The

effects of flow transition were studied. Predicted aerodynamic forces, moments and pressures are

compared to experimental data obtained in the 14- by 22-Foot Subsonic Tunnel at NASA Langley.

The forces and moments correlated well with experimental data in terms of trends. Drag and

pitching moment were consistently underpredicted. Predicted surface pressures compared well

with experiment at low angles-of-attack. Above 10 ° angle-of-attack the pressure comparisons

were not as favorable. The two turbulent models affected the pressures on the flap considerably

and neither produced correct results at the high angles-of-attack.



Introduction

The overall design of a high speed civil transport will be dictated by the supersonic cruise

flight condition. Only a small percentage of the flight time will be at subsonic take-off and

landing conditions with some time allocated for holding patterns around airports. A greater

amount of subsonic flying may occur over land if the sonic boom noise is environmentally

disruptive. Since the high speed civil transport is designed mainly for cruise, the wing shape is

likely to be a low aspect ratio delta or cranked-delta type wing tailored for supersonic speeds with

low drag and low sonic boom characteristics.

inefficient for take-off and landing scenarios.

The disadvantage of this wing design is that it is

Improved aerodynamic performance in terms of

increased maximum lift coefficient, CLmax, and increased lift-to-drag ratio, L/D, are needed for

reduced engine noise, shorter take-off distances, slower runway speeds and faster climb and

descent rates similar to the conventional transport aircraft of today. Hence, there is a considerable

amount of experimental and computational research being done by NASA and industry in

developing a high-lift system for subsonic conditions which will have a minimal impact on the

supersonic cruise efficiency and at the same time enable the aircraft to land and take-off at most

airports.

The objective of this paper is to predict the aerodynamic performance and flow field
• _ _ -_ . . _ , , _ _ _ .: :

characteristics of a high-lift device on a generic high speed civil transport configuration. The

high-lift device is a leading-edge mission adaptive (MA) flap system which was previously tested

in NASA Langley's 14- by 22-Foot Subsonic Tunnel [ref. I]. The MA flap system was tested on

a crank-delta wing/body model with inboard and outboard leading-edge sweep angles of 71 ° and

50 °, respectively. The flap system was designed by NASA using a linearized-theory code [refs.



2,3,4] basedon potentialflow solutionsof a zero-thicknesstiffing surface. It wasdesignedfor a

lift coefficient of 0.45 with trailing-edgeflaps deflectedat 10°/10°/12.9° , from inboard to

outboard respectively. The objective of the leading-edge flap system was to reduce flow

separation by keeping the leading edge of the flap aligned with the local upwash field at the design

lift coefficient. This resulted in a considerable amount of twist and camber on the flaps. During

the tunnel test, the flap system was shown to improve the low-speed, high-lift performance

characteristics although flow separation was suspected at the designed condition.

The ability to predict flow separation and other nonlinear effects can play a key role in

improving the overall flap design and the high-lift performance characteristics of a high speed

transport. Computational fluid dynamics (CFD) methods which solve the Navier-Stokes

equations can capture the surface and off-body viscous and other nonlinear effects in the flow

field which makes it ideal for detailed flap analysis. Navier-Stokes computations for wing/body

configurations have become practical with the increasing computer processor speeds and memory

capabilities as well as the maturing CFD methods. An advantage of three dimensional Navier-

Stokes calculations is that the nonlinear viscous effects are captured without some of the problems

associated with panel and potential flow solvers coupled with boundary layer equations. Some of

boundary layer coupling problems include determining correct boundary layer edge conditions,

surface boundary conditions and predicting what happens after flow separation. Hence, solving

the Navier-Stokes equations is the approach taken in this study with the objective of predicting the

aerodynamic performance and flow field characteristics of a leading-edge MA flap system on a

generic configuration.



Symbols

c

Clocal

CD

CL

CM

M

Pt

Pt**

Re L

T

y+

o_

wing chord

mean aerodynamic chord

local projected flap chord

drag coefficient

lift coefficient

pitching moment coefficient

freestream Mach number

normalized total pressure

normalized freestream total pressure

Reynolds number per unit length

freestream temperature, °R

turbulent boundary layer Reynolds number

angle-of-attack, deg.

curvilinear coordinate directions

BL

CPU

FV

FSV

HLV

IPV

Abbreviations

butt line of model

central processing unit

mission adaptive flap vortex

mission adaptive flap secondary vortex

hinge-line vortex

inboard primary vortex
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ISV

LE

MA

MS

RL

SL

TR 1, TR2, TR3

inboard secondary vortex

leading edge of wing

mission adaptive

model station

reattachment line

separation line

flap transition regions 1, 2 and 3

_Experimental As vects

The numerical results in this paper are compared to test data obtained from the Langley 14- by

22-Foot Subsonic Tunnel [ref. 1]. The wind tunnel test investigated two leading-edge flap

systems; one was designed to capture and exploit a LE vortex and the other was designed to

maintain attached flow. The attached-flow flap system (which will be referred to as the mission

adaptive (MA) flap throughout the paper) is numerically studied in this paper. The tunnel test

conditions of interest were M=0.22, ReL=l.39x106/ft., T=555°R and -2°< _x < 20 °. A transition

strip was placed 1.5 inches from the leading edge of the entire wing, but it was never determined

if the flow along the leading edge transitioned from laminar to turbulent at the strip location, or

somewhere else. The uncertainty of a transition location presented considerable difficulties in

predicting the correct flow physics on the flap especially at the higher angles-of-attack where

vortical flow existed. This will be discussed in more detail in the Results and Discussion section

of the paper.



Geometry definition:

A plan-view schematic of the analyzed geometry is shown in figure 1. This configuration will

be referred to as the 71-50 MA for the rest of the paper. The overall geometric characteristics of

the model are given in table 1. Note, the wing reference area is defined by the planform

projection of the cruise wing where the inboard leading edge line and the outboard trailing edge

line extended toward the centerline. The gross area is the entire wing planform area. The inboard

and outboard MA leading-edge flaps are blended together at the crank such that no gap exists

when deflected. The small leading-edge radius of the inboard part of the wing transitions to a

sharp leading edge on the outboard. The inboard leading-edge flap deflection varies linearly from

approximately 16 ° inboard to 18.5 ° approaching the crank, and the outboard flap deflection was at

a constant 21 °. The model was tested with several different trailing-edge flap deflection angles of

0 °, 10 °, 12.9 °, and 20 °. Since this study focused mainly on the flow over the MA flaps, the 0 °

trailing-edge flap deflection configuration was chosen for the numerical model.

Pressure tap locations on the model are shown in figure 2 as dotted lines and are numbered 1

through 9. The lines of pressure taps will be referred to as strips. The strips 1 to 5 are on the

inboard upper surface of the mission adaptive flap perpendicular to the leading edge. The x and y

locations of the taps nearest to the leading edge are included in figure 2. Strips 6 and 7 are on the

inboard wing section and they include pressure taps on both the upper and lower surfaces. Strips

8 and 9 are on the outboard wing section and the associated taps are on the upper surface only.

Strips 6 through 9 will be referred to as butt-line stripe and their spanwise locations are also given

in figure 2.



Table 1:

Aspect Ratio 2.116

Reference Area, ft. 2 10.664

Gross Area, ft. 2 11.005

Span, ft. 4.750

Centerline Root Chord, ft. 5.288

Tip Chord, ft. 0.529

Mean Aerodynamic Chord, ft. 3.071

Moment Reference Center, ft.

X

Y
Z

6.018

0.0

0.0

Leading Edge Sweep, degrees

Inboard Wing 71.0

Outboard Wing 50.0

Grid Generation

The surface grid was generated by NASA Langley's geometry laboratory, GEOLAB group,

using a CAD system definition of the 71-50 MA configuration (see fig. 3). Part of the wind tunnel

sting support system connected to the base of the model's fuselage is included in the numerical

model. The sting was modeled for two reasons. First, it made grid generation simpler because it

eliminated some of the difficulties in generating a volume grid around a fuselage with a flat base,

and, second the sting effects the flow over the wing trailing-edge to some extent and should be



accountedfor numerically. Thegrid at thebaseof thefuselageis blendedinto thesupportsting.

This differed from the actualstepthat existedin thewind tunnelmodeldueto theflat fuselage

basemeetingthe sting. The volume grid wasgeneratedusingan interactivegrid tool package

(GRIDGEN). A discretizationof the entire flow field around the geometrywasdoneusing a

domaindecompositionapproach. The domain was split into two domains (or blocks) by a

constantx-coordinateplaneat the wing apexandfuselageintersectionlocation. A body-fitted

structuredgrid is generatedfor eachblock wheretheupstreamblock (containingthe forebody)

hasaC-Otypetopologyandthedownstreamblock (containingthefuselage/wingandsting/wake)

hasaH-O typetopology (seefig. 4). The aboveblockingstrategywasdonefor efficientgrid point

distributionand geometryresolution.The first block consistedof 41points streamwise(_ or I-

direction),49points aroundtheforebody(rl or J-direction)and57pointsawayfrom thesurface

(4 or K-direction), giving a total of 114,513points. The downstreamblock had 129 points

streamwise,129pointsaroundthewing (andwake)surfaceand57pointsawayfrom the surface,

totaling948,537points. Thetotal numberof pointsin theglobaldomainwas1,063,050.

Thefar field boundaryextended(10.833ft.) 3.5_upstream,(6.449ft.) 2.1c downstreamand

(10.833ft.) 3.5 _ away from the surface. The normal spacingat the surfaceof the grid was

approximately 8.3x10-6 ft., which resulted in nondimensionalturbulent y+ values of

approximately1.5. In the normal direction,grid Point stretchingwasdone with a hyperbolic

tangentfunction.



Numerical Aspects

Analysis Code:

All computations were done using a Navier-Stokes solver (CFL3D), developed by J.L. Thomas

et al. [ref. 5]. The CFL3D solver has been extensively used and validated by researchers and is

noted for its robusmess and accuracy as an upwind scheme as well as for its multigridding and

multiblock capabilities [refs. 6,7,8]. Details of the governing equations and the computational

method used in the CFL3D code are presented in the above references. The governing equations

solved are the three-dimensional, Reynolds-averaged, compressible thin-layer Navier-Stokes

equations. The thin-layer Navier-Stokes equations are considered valid for high Reynolds number

flow because the viscous effects are limited to a thin-layer near the surface. If the full Navier-

Stokes equations were used the viscous terms would not be properly evaluated since the

computational grid for a full configuration is normally too coarse in regions away from the surface

[ref. 9]. Hence, the flow away from the surface is treated essentially as rotational inviscid. The

state equations are written assuming the ideal gas assumption. Molecular viscosity is calculated

using the Sutherland's law and the Stokes' hypothesis. For the closure of the governing equations

the Reynolds stresses are modeled using a chosen turbulence model. The governing equations are

discretized in such a way to be consistent with conservation laws in integral form.

An implicit, f'mite volume, upwind approach is used to solve the governing equations. Roe's

flux-difference splitting is used to construct the upwind differences for the convective and the

pressure terms. The spatial derivatives are written conservatively as a flux balance across the cell,

and the shear stress and heat transfer terms are centrally differenced. Spatial approximate

factorization, and Euler backward integration after linearization in time, results in the solution



through5x5 block-tfidiagonalmatrix inversionsin threedirections. An approximatediagonal

form of the spatial factorsis employedto reducecomputationaltime. The convergencerate is

acceleratedusing a multigrid full-approximationscheme(FAS) [ref. 10]. The accuracy of the

solution algorithm is second-order spatially and first-order temporally.

Turbulence Models:

Two turbulence closure models are considered in this paper, they are Baldwin-Lomax (B-L),

and Spalart-Allmaras (S-A). The baseline calculations were done with the B-L closure model.

The B-L model is a two layer algebraic eddy viscosity model developed for use in two- and three-

dimensional Navier-Stokes calculations [ref. 11]. In general, the B-L model performs well for

attached flow but is inadequate for separated and recirculafion regions [ref. 12]. A modification

made by D. Degani and L.B. Schiff [ref. 13] was included in the model to account for vortical

flow near the surface. The second model developed by P.R. Spalart and S.R. Allmaras is a one-

equation turbulence model. The model was derived "using empiricism and arguments of

dimensional analysis, Galilean invariance, and selective dependence on the molecular viscosity"

[ref. 14]. The model is localized in the sense that the solution at a point is not dependent on

another point, which makes the model compatible with grids of any structure and with Navier-

Stokes solvers of two and three dimensions. It is considered robust and converges to steady state

rapidly.

Transition Method:

For the wind tunnel test, transition grit was placed 1.5 inches from the entire leading-edge of

the model. Since no measurements were made to determine if the flow transitioned or not, the
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actual location of the flow transition was never determined,which madeaccuratenumerical

predictionsdifficult. In orderto studytheeffectsof transitionflow on adelta-wingleading-edge

flap system,asimplenumericaltechniquewasemployed.Thetechniqueinvolvedsimply turning

off the turbulencemodel for cells locatedin a predefinedarea. Two approacheswere usedto

implementthismethod.Thefirst approachsettheoff or laminarregionbasedon the surfacegrid

lines wherebeginningandendinggrid indicesdefinedtheregion. Choosingthe indices for the

laminar regionwas to someextentarbitrary becausethe grid lines did not exactly follow the

transitionstripusedin theexperiment.For thisapproachtwocaseswereconsideredandaregiven

in table2. TheI-index indicatesastreamwisepoint locationon thegrid andtheJ-indexindicates

a spanwisepoint location on the grid. For caseTR1 the laminar region extendedfrom the

leading-edgeto approximatelythehinge-lineon theuppersurfaceof the inboardMA flap. The

laminar regionof caseTR2 extendedfrom theleading-edgeto approximatelymid-chord of the

inboardMA flap.

The secondapproachcloselymimickedtheintendedtrippingof theflow in the experiment.

The turbulencemodel was turnedoff for cells locatedupstreamof the leading-edgetransition

locationof 1.5inches.Hence,theupstreamcellsarecomputedaslaminar. The 1.5 inch distance

from the leading-edge was approximate because the turbulence model was applied to entire grid

cells and the correct distance was dependent on the grid topology and cell sizes.

Table 2: Transition Information

Approach Case Name

TR1

TR2

I-begin
index

II TR3 .........

I-end

index

57

57

J-begin
index

60

60

J-end

index

85

80

Distance

from LE

_Clocal

-Clocal]_

........................... 1.5 in.
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Boundary Conditions:

The boundary conditions are specified explicitly in the CFL3D algorithm. At the solid

boundarieS, the conditions of no-slip and impermeability with zero-normal-gradient for pressure

and temperature axe imposed for the Navier-Stokes calculations. Along the wake surface a flow-

through boundary condition was set. Here the wake surface refers to a grid plane behind the

trailing edge of the wing and not the true physical wake. Locally one-dimensional characteristic

boundary conditions are used in the farfield. First-order extrapolation for the conserved variables

are used at the downstream boundary. The reflection boundary condition is used at the centerline

symmetry plane. A time-flux conservation approach is used across the patched surface (or zonal

interface) between two grid blocks. This procedure consists of interpolating to the cell centers of

one grid assuming a bilinear or biquadratic variation of the flux within the cells of the other grid

[ref. 15].

Convergence Criteria:

All solutions were run to a steady state condition which was determined when the L-2 norm of

the residual decreased approximately four orders of magnitude and the lift coefficient was

"constant". Calculations were done using a Courant-Friedrichs-Lewy (CFL) number of 1.0 and

three levels of multigrid V-cycles were used to increase the convergence rate. Mesh sequencing

with multigridding was used to initialize the flow and to speed up convergence rate. An example

of a typical convergence history curve for a single solution is shown in figure 5 for the case of

ct=8 ° and Mach=0.22. The lift predicted on the medium grid level is approximately the same as

on the fine level, which is an indirect indication that the fine grid level is sufficient for resolving

the flow. The total CPU time on the CRAY-YMP super computer was 10.56 hours in which

12



approximately40%of thetime wasspenton thecoarsermeshsequencinglevels.

Flow Conditions:

The flow conditionsat which the high speedtransportconfiguration with mission adaptive

flaps was analyzed were M=0.22, ReL=l.39x106/ft., and T=555°R. Solutions were computed for

angles-of-attack of 0 ° through 18 °. Since it was the original intent of this study to rely solely on

the Baldwin-Lomax (B-L) turbulence model for the computations the solutions obtained with the

B-L turbulence model are referred to as the baseline solutions. Due to some unfavorable B-L

results with respect to surface pressure comparisons at the higher angles-of-attack, various

transition locations for the Baldwin-Lomax model were tried. The Spalart-Allmaras (S-A)

turbulence model was used for a limited number of calculations at higher angles-of-attack in an

attempt to improve the results. A list of the calculations done are given in table 3.

Table 3:

Turbulence Model oc

Laminar 10 °, 14 °

Baldwin-Lomax (B-L) 0 ° - 18 °

B-L & TR1 10 °, 12 °, 18 °

B-L & TR2 12 °

B-L & TR3 12 °, 14 °

Spalart-Allmaras (S-A) 12 °, 14 °, 16 °

S-A & TR3 12 °

13



Results and Diseu_ion_;

Forces and Moments:

Predictions of the aerodynamic coefficients of lift, C L, pitching moment, CM, and drag, CD,

are compared with experiment in figures 6 through 9. The baseline predictions using the

Baldwin-Lomax turbulence model are shown in figures 6a, 7a, 8a and 9a. The results obtained at

moderately high angles-of-attack usingthe different flow transition locations and the Spalart-

Allmaras turbulence models are compared with the baseline B-L model and experiment in figures

6b, 7b, 8b and 9b. The B-L C L distribution compares well with experiment up to an angle-of-

attack of 14 °, and the nonlinear lift curve characteristics due to the vortical flow are accurately

predicted. After t_=14 °, the computational CL values are underprcdicted. For the B-L model, the

lift coefficient predictions did not improve at the high angles-of-attack (i.e. o_=10.1 °, 11.9 °, 14.1 °,

16.1 °, 18.0 °) with the different transition cases (i.e. B-L &TR1, TR2, TR3). Furthermore, the

solutions obtained with the S-A turbulence model with and without transition deviated the most

from the experimental values (see fig. 6b).

The computed baseline pitching moment, shown in figure 7a, is lower than experiment for all

angles-of-attack; however, the general nonlinear trend is the same. In general, it is difficult to

predict the correct magnitude of the pitching moment for a cranked-delta wing geometry with

flaps because the location of flow separation and strength of the vortices greatly influence the

center of pressure on the wing. And with respect to the Navier-Stokes calculations, the predicted

state of separated and vortical flow is dependent on the grid resolution, the boundary layer

transition model, and the turbulence model which, for the most part, all need to be improved.

There are two locations in the B-L pitching moment curve where its apparent slope changes

14



similar to theexperimentaldata. Thefirst slopechange,at t_=8 °, will be shown to correspond to

the development of the hinge-line vortex and the second, at tx=13 °, will be shown to occur with

the development of a strong flap vortex and a primary inboard vortex. The pitching moment

coefficient computed using the B-L model plus the three transition cases and the S-A turbulence

model do not vary significantly from the standard B-L results (see fig. 7b) except for the S-A with

transition TR3 case at _=11.9 °.

The predicted C D and drag polar are plotted with experimental data in figures 8 and 9. The

predicted B-L C D curve is similar to experiment; however, the drag is underpredicted for most

angles-of-attack except at a=12 ° (see fig. 8a). The minimum and maximum percent difference

between the experimental and B-L C D were 3.18% and 5.7% at ix--0 ° and ct=18 °, respectively.

The differences in terms of drag counts are 5.8 and 110.4 at ct--0 ° and ct=18 °, respectively. No

considerable improvement in the prediction of CD is achieved with the B-L plus transition models

or the S-A turbulence model at the higher angles-of-attack (see fig. 8b). The shape of the baseline

B-L drag polar is consistent with experiment and compares well over the entire angle-of-attack

range (see fig. 9a). The predicted drag polar data obtained with different transition and turbulence

models are shown in figure 9b plotted with experiment and the baseline predictions. Again, the

use of B-L with transition and S-A with and without transition did not improve the drag polar

predictions.

Pressure Comparisons and Flow Physics:

In this section, the predicted surface pressures, surface flow and off-body total pressure

contours and velocity vectors are all discussed simultaneously in such a manner as to try to better

explain the predicted vortical flow phenomena associated with MA flaps on a cranked-delta wing.

15



Thepressuresstripson thesurfaceof thewing aredesignated1through9 wherestrips I through

5 areon theinboardMA flapperpendicularto the leading-edge.Thepressureplotsfor thesestrips

arenormalizedby the local projectedflap chord. Experimentalpressuredataexist only for the

uppersurfaceof theflap. Strips6 through9 arebutt-linestrips(i.e.chordwiseon thewing) and

whenplotted arenormalizedby the local wing chord. Experimentalpressuresexiston both the

upperandlower surfacesof the inboardwing for strips6 and7. On the outboardwing section

thereareonly uppersurfaceexperimentalpressuresfor strips8and9.

Overall,aswasthecasewith the integratedforceandmomentresults,thereis goodagreement

betweenpredictedandexperimentalCpvaluesfor angles-of-attackfrom0" to 8" (seefigs. 10-13).

For theseangles-of-attackthebaselineB-L turbulencemodelis usedexclusivelyin theanalysisof

theflow field sincea goodcorrelationis obtainedwith this model. ThecomputedCp valueson

theuppersurfaceof theflapcomparequitewell with experiment,whichwasexpectedsincethe

flow on theuppersurfaceof theflap shouldbemostlyattachedfor thelow angles-of-attack.

Figures 14and 15showtheflow over theupperandlower surfacesof thewing in termsof

surfacelimiting streamlinesfor o_--4.0°, 6.0", and 8.0 °. The limiting streamlines were computed

at the first grid point off the surface. A visual guide for interpreting these streamlines is shown

below. A key used for labeling the different streamline features discussed in this paper is given in

table 4.

freestream separation line reattachment line
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Table 4:

Flow feature KEY

Hinge-Line Vortex HLV

MA Flap Vortex FV

MA Flap Secondary Vortex FSV

Inboard Primary Vortex IPV

Inboard Secondary Vortex ISV

Leading Edge LE

Separation Line -SL

Reattachment Line -RL

The lower surface limiting streamlines at a=4 ° show flow separation at the leading-edge and a

flow reattachment line on the undersurface of the flap indicating the existence of a vortex (see fig.

15). This vortex can also be seen on the lower surface near the leading edge at the predicted

pressure strips 2-5 where the Cp values are negative, which indicates a low pressure region (see

fig. lla). This Iow pressure region is caused by the acceleration of the induced cross flow

between the core of the vortex and the surface. At a=6 ° the computed lower surface leading-edge

vortex develops further downstream near the crank and does not appear in the Cp plots shown in

figure 12a. On the upper surface at a=6 ° the surface flow is on the verge of separating, which is

evident by the coalescing of the streamlines near the inboard MA flap hinge-line (see fig. 14b). At

a=8 ° the predicted flow separates near the inboard MA flap hinge-line and roils up into a counter-

rotating vortex (i.e. rotating from outboard to inboard). The flow then reattaches inboard of the

wing near the fuselage. Experimentally, the hinge-line vortex crosses pressure strip 7, which is
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evidentby the suctionpressurenear0.5 x/c in thepressureplot (seefig. 13b). Computationally

this vortex is seenasthe secondsuctionpeakat strip 7, at 0.375 x/c. In figure 14c,the rotating

flow of the vortex is seenon the surfaceass-shapedsurfacelimiting streamlines,which occur

inboardof the separationline. Thegradualsmoothingof the s-shapedstreamlinesdownstream

indicatesthat the vortex becomesmoreelongatedanddissipativeas it approachesthe trailing-

edgeof thewing. Theshapeandpathof thehinge-linevortexcanbe furtheranalyzedby studying

the off-body normalizedtotal pressurecontours,Pt, at severalmodel stations(MS) shownin

figure 16. The totalpressurelossis definedasthedifferencebetweenfree-streamtotal pressure,

Pt_*,andPt in thevortexcore. Thetotalpressurelossdecreasesin thecoreastheflow propagates

downstream,which is consistentwith the decreasingstrengthof the vortex. It is not known

whether the vortex or its location is capturedcorrectly becauseof the limited number of

experimentalpressuretapslocatedinboardof thehinge-line.

Though,by in large,theCr,comparisonsfor thebutt-linestrips6 through9 correlatewell for

angles-of-attackfrom 0° to 8° exceptfor theexistenceseveraldiscrepancies(seefigs. 10b,1lb,

12band 13b).Thesearediscussednext. On the lower surfaceof thewing for strip 6 near35%

chordthereis anexperimentalsuctionpressurepeakwhich is notpredictedcomputationally.The

actualcauseof the lowerpressureregionwasneverdetermined;however,it mayhavebeendueto

anopencavity in thelowerwing surface.Likewise,for strip 7 on theuppersurfaceat 80%chord,

anotherexperimentalsuctionpressureregion (notpredictednumerically)occurswhich mayhave

beencausedby adiscontinuityon thesurfaceata trailing-edgeflaphinge-line(theflapwassetat

0°). Thepressureson theuppersurfaceof theoutboardwing (strips8 and9)compareremarkably

well. This is dueto thewell behavedattachedflow whichcanbeseenin figure 14.

Threedifferent flow analysesaredoneatanangle-of-attackof 10.1° (fig. 17):(1) acompletely
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laminarcase,(2) a completelyturbulentcaseusingtheB-L turbulencemodel(i.e. baselinecase),

and(3) a transitioncase(TR1) with theB-L turbulencemodel. In this studythe baselineB-L

turbulencemodelanalysisis initially doneandcomparisonsof predictedsurfaceCpvalueswith

experimentarepoor. Thebiggestdiscrepancyis seenon theuppersurfaceat20%of thelocal flap

chord(i.e..20 S/qocal).Theexperimentindicatesastrongflapvortexwhich is notcapturedby the

baselinecomputations. Both experimental

decreasedownstreamtowardthewing crank.

and computational suction pressures on the flap

The reduction of suction pressure downstream are

related to both the dissipation of the vortex and the relative location of the vortex core away from

the surface. The baseline'computations with the B-L model do capture an inboard primary vortex

and a weaker MA flap vortex. The MA flap vortex is between 30% and 40% of the local flap

chord and is apparent as small suction peaks in the surface pressures for strips 3, 4 and 5 (see fig.

17a). The existence of this vortex also appears in the computed surface limiting streamlines (see

fig. 18b) and the off-body normalized Pt contours at three model stations on the MA flap (see fig.

19). The flap vortex is elongated and close to the surface. There is no reattachment line

associated with the flap vortex because the flow is within the recirculating flow of a larger inboard

primary vortex. The flow separation line of the inboard primary vortex occurs at the leading-edge

instead of at the hinge-line. Similar to the _=8 ° case, the experimental Cp values on the butt-line

strip 7 show some evidence of the inboard primary vortex crossing the strip at 0.6 x/c (see fig.

17b). The inboard primary vortex can be seen in terms of surface limiting streamlines and in the

off-body Pt contours (see figs. 18b and 19). In the surface limiting streamlines, separation and

reattachment lines exist between the flap vortex and the primary vortex which suggests that a

secondary vortex has formed. This secondary vortex develops because of adverse pressure

gradient outboard of the primary vortex. The secondary vortex is elongated and is located near
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thesurface(partially in theboundarylayer)andcouldbeconsideredarecirculatingflow.

Theflow analysisis repeatedfor o_=10.1° with no turbulencemodel to establishif theflow on

sectionsof theflap behavessimiIar to laminarflow. In thiscasethelaminarcalculationcaptures

thestrength(magnitudeof thesuctionpressures)andthelocationof theflapvortex(seefig. 17a).

Theflapvortexflow canbeseenin figure 18ain termsof surfacelimiting lines. A small leading-

edgesecondaryvortexdevelopsoutboardof theflapvortex. This secondaryvortexis notseenin

theexperimentalpressuredatadueto thelimited numberof pressuretapson theflap. Thesurface

pressurecoefficientsaresimilar to experimentfor strips 1 through 7 (see fig. 17). However, the

pressure coefficients for the outboard strips 8 and 9 differ considerably from experiment. On the

outboard wing, the predicted flow separates near the hinge-line and at approximately 67% of the

tip chord, and for both separations vortical flow exists as evidenced by the two pressure suction

peaks at strip 9. As shown in figure 18, these two vortices are also seen in the limiting

streamlines. The inboard primary vortex reattachment line is in the same approximate location as

in the baseline analysis. And similarly, the secondary vortex separation and reattachment lines lie

between the flap vortex and the inboard primary vortex. Also, there is flow separation occurring

at the trailing edge in the proximity of the inboard vortex separation line.

The good Cp comparisons on the MA flap for the fully laminar case led to a third analysis in

which a transition location is defined along with the B-L turbulence model. The transition case

TR1 as described in the Transition Methods section of the paper is used. The laminar region

includes most of the upper surface of the inboard MA flap. The new predicted Cp values for all

the swips are closer to experiment than the completely turbulent flow case or the laminar case (see

fig. 17). The Cp comparisons indicate that the flow probably transitioned on the flap during the

experiment at o_=10.1 °, and it may be fortuitous that the semi-arbitrary laminar region chosen
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producessuchgoodresults. The surface streamlines show a more complex surface flow when

compared to the laminar and turbulent cases (fig. 18c). A flap vortex along with its secondary

vortex exist similar to the laminar case. However, the flow associated with the flap vortex

reattaches midway on the flap, separates again at the hinge-line,.and then rolls up into a hinge-line

vortex rotating in the same direction as the inboard primary vortex. The hinge-line vortex does

not develop until about a third of the distance from the apex to the crank. Again, there is a

secondary vortex (or recirculating region) associated with the inboard primary vortex noted by the

separation line inboard of the hinge-line. The multiple vortices can be seen in the off-body

normalized Pt contours (see fig. 20) and the cross-flow velocity vectors (see fig. 21). Note, the

flap vortex exists at the three model stations MS=3.8, 5.0 and 5.9, which is not the case for the

baseline analysis (see fig. 19). Also, the flow is well behaved on the outboard wing section

similar to the fully turbulent case.

At ix= 11.9 ° generating a solution with good correlation to experimental surface pressure

measurements proves to be more elusive. Results are originally obtained with computations using

the baseline B-L turbulence model and with B-L plus transition cases TR1, TR2 and TR3 (see fig.

22). The laminar region for case TR1 includes most of the upper surface of the inboard MA flap

and for case TR2 it extends from the leading edge to approximately the mid-chord of the flap.

The laminar region of case TR3 includes 1.5 inches from the inboard and outboard leading-edges.

The experimental surface Cp values indicate a possible vortex along the leading edge of the MA

flap. The width of the surface influenced by the suspected vortex spans the entire local flap chords

at strip locations 1, 2 and 3 and approximately half of the local flap chords at locations 4 and 5. It

is important to remember that the actual length of the local flap chord increases from the apex to

the crank. In general, at this angle-of-attack the B-L model with and without transition cases does
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notpredict the Cp trends or values correctly on the MA flap. Although, the B-L model without

transition matches the experimental trends at strip 4, the comparisons for the butt-line strips 6, 7

and 8 are only fair and for strip 9 they are poor.

several model stations show the flap vortex

The predicted off-body normalized Pt contours at

as well as the inboard vortex for the baseline

calculation (see fig. 23). Figure 24 shows a close-up view of the flap vortex at several model

stations in terms of cross-flow velocity vectors.

A comparison of the surface flows for the four computations using the B-L model with and

without transition are shown in figure 25. There are two common flow features between them;

namely, the flap vortex and the inboard primary vortex. The differences between these two flow

features relate to the strength and locations of the vortices and the extent of secondary vortices

that are paired with them. The strength and locations of the flap vortices can be determined from

the surface lines and from pressure strips 1-7 in figure 22. The baseline B-L solution has the

weakest flap vortex based on surface suction pressure. The influence of the secondary vortices (or

recirculating flows) associated with the inboard primary vortex and the flap vortex are greater for

the baseline B-L solution. The inboard secondary separation and reattachment lines begin at the

apex and extend all the way to the trailing edge of the wing (see fig. 25a). The reattachment line

of the inboard secondary vortex is slightly inboard of the hinge-line. For the transition case, TR1

multiple vortices develop beginning at the apex; one forms into inboard primary vortex and the

other develops into a smaller vortex with its separation line on the upper surface of the MA flap.

The smaller vortex is engulfed by the inboard vortex downstream of the apex and at

approximately the same location that the MA flap vortex develops. Secondary vortex separation

and reattachment lines are located in between the flap vortex and the inboard primary vortex. This

secondary vortex begins approximately one half the distance between the apex and the crank. For
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thetransitioncases,TR2 andTR3, therearemultiple vorticesemanatingfrom theleading-edge;

one forms into the inboard vortex and the other forms into the MA flap vortex. Secondary

vorticesdo not developfrom theinboardprimaryvortices;thisdiffers from thebaselineB-L case

andtheB-L plus transition,TR1case.

Since the different flow transitionlocationsresultin numerousvariationsin flow physicsat

t_=l 1.9 °, it is believed that a better method of predicting or simulating transitional flow in highly

three dimensional flows is needed along with better turbulence models. Predicting transition is

beyond the scope of this investigation; however, implementing a second turbulence model is done

to try to improve the results further. The Spalart-Allmaras (S-A) turbulence model is used for

calculations at angles-of-attack of 11.9 °, 14.1 °, and 16.1 °. The baseline B-L model, along with

transition cases TR2 and TR3, are also computed at ct=14.1 °. At ot=11.9 ° the S-A model with

transition TR3 is used to determine transition effects on surface pressures.

The surface Cp values computed using the S-A turbulence model are shown in figure 26 for

the angle-of-attack case of 11.9 °. The B-L results and flow transition case (TR3) for the S-A

model are also shown for comparison purposes. In general, the CI, values obtained with the S-A

model agree better with the experimental data trends. For the most part, the suction pressures are

under predicted on the upper surface of the MA flap for strips 1, 2 and 3. The Cp values on the

butt-line strips 6 through 9 compare well with experiment and are considerably better than the B-

L and S-A with transition TR3 results. The Cp values obtained with the S-A turbulence model

with transition (TR3) deviate considerably from experiment for all strips. The above results,

along with the B-L model plus transition results, suggest that the experimental flow is mostly

turbulent (at ot=l 1.9 °) and that the flow does not transition from laminar to turbulent at the trip

location of 1.5 inches from the leading-edge. Computed surface limiting streamlines obtained
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with theB-L andS-A turbulencemodelsareshownin figure 27. Thereareseveraldissimilarities

betweentheS-A andB-L surfacelimiting lines(fig. 27a,b).For instance,thesurfacestreamlines

from theS-A solutionshownosecondaryvortexassociatedwith theinboardprimary vortexwhile

the streamlinesof theB-L solution showa definite secondaryvortex which beginsat thewing

apex. Also, a secondaryvortexdoesnotdevelopoutboardof theflapvortex in the S-A solution.

The flow on theoutboardwing is predominantlyin thestreamwisedirection for theS-A solution

while theB-L outboardsurfaceflow is mostlyspanwise.This spanwiseflow is influencedby the

inboard MA flap vortex, which enlargesas it propagatestoward the outboardwing section.

Furthermore,a secondaryvortex evolvesfrom the outboardvortex, which is evidentby the

secondaryseparationline. Someof thesedifferencescanalso be seenfrom the off-body total

pressurecontoursat selectedmodelstations(seefigs.23and28). Note,the inboardvortexcoreis

furtheroff thesurfacefor theS-A solutionthanfor theB-L solution. Furtheranalysisof theflow

on the inboard flap can be obtainedfrom the cross-flow velocity vectors at the threemodel

stations,which correspondto theoff-bodyPtcontours(seefigs.24 and29). TheB-L cross-flow

velocity vectorsshowtwo vorticesabovethe MA flap rotating in the samedirectionat MS=3.8

and5.0 whicharenotseenby thesurfacestreamlines.At modelstationMS=5.9thetwo vortices

evolveinto asingleelongatedvortex. Thecrossflowvelocityvectorsof theS-A resultsshowonly

asinglesmallvortexneartheleadingedge.

The B-L andS-A computationalresultsfor angles-of-attackof 14.1° and 16.1° areshownin

figures30, 31 (pressureplots)and32, 33 (surfaceflow) and34,35 (off-bodytotal pressures)and

36,and37 (cross-flowvelocity vectors).Theoff-bodyPtcontoursandvelocity vectorsareplotted

for theS-A turbulencemodelonly sincethis modelproducedthebetterresultsandbecausetheB-

L flow physicsaresimilar to that of the0_=11.9° case.Theresultsarebriefly statedbelowto give
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the reader a senseof the flow variationsdue to turbulencemodels and transition locations.

Overall, the S-A model Cp valuesmatchthe trendsof the experimentalvaluesbetterfor both

a=14.1° and16.1°. The Cpvalueson theMA flapareunderpredicted.TheB-L turbulencemodel

resultsat c_=14.1° aremixed. The Cpvaluesobtainedwith theB-L modelarepoorfor strips1-3

but,for strips4 and5they agreerelativelywell with experiment.TheCpvaluesobtainedwith B-

L modelwith transitioncaseTR3 aresimilar to experimentat strip 5. At 0_=14.1° the Cp values

on the outboard wing at butt-line strip 8 for the B-L transition cases TR2 and TR3 compare better

than the S-A Cp values. However, at _x=16.1 ° the S-A Cp values match experiment better for all

strips except 8 and 9 where both turbulence models yield poor comparisons. The variations in

surface limiting streamlines of the B-L and S-A computations are shown in figures 32 and 33. A

note of interest is that there is no secondary vortical flow at o_=14.1 ° for the S-A turbulence results

even though there is a secondary vortex which develops from the inboard primary vortex at

o_=11.9 ° and 16.1 °. The most significant differences between the B-L (plus TR2, TR3) and the

S-A surface limiting streamlines occur on the outboard wing section. There is considerably more

vortical flow occurring in the B-L solution, and the S-A turbulence model appears to be more

dissipative with respect to vortical flow. Further details of the vortiEal flows can be seen in the

off-body total pressure contours (see figs. 34, 35) and the cross-flow velocity vectors on the MA

flap at several model stations (see figs. 36, 37).
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Conclusions

Navier-Stokes calculations are an invaluable resource for analyzing the flow physics of the

mission adaptive flap system on a high speed research configuration. The analyses show the

complicated vortical flow physics that is associated with high-lift devices on a crank-delta wing

configuration at high angles of attack. Overall aerodynamic forces and moments are predicted

well. The flow predictions are deficient in the areas of the MA flap and the outboard wing section

for the angles-of-attack above 10.1 °. At the high angles-of-attack the varying agreement in the

predicted Cp values between the B-L and S-A turbulence models (with and without transition) for

local areas highlight the inadequacies of the models and transition methods used. The Baldwin-

Lomax turbulence model works well for the low angles-of-attack where the flow is attached on

the MA flap and the outboard wing. With the development of vortical flow on the MA flap, the

model loses its effectiveness; however, applying transition case TR1 to the baseline at 0_=I0.1 °

produced improved correlation. Hence, knowing or predicting the transition locations can play a

critical role in obtaining better results. At the higher angles-of attack the Spalart-Allmaras

turbulence model correlates better with experiment with respect to surface pressures, but tended to

be more dissipative in the area of the MA flap vortical flow. Therefore, this model underpredicted

the suction pressure on the flap surface below the vortex and consequently underpredicted lift.

This study did not address the effects of grid topology and local grid distribution using the

different turbulence models and transition scenarios. However, it was not the intent of this study

to be all encompassing but to be more of an application problem in which a variety of results are

obtained on a single grid.
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Figure 12. Comparisons of predicted and experimental pressure coefficents
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Figure 13. Comparisons of predicted and experimental pressure coefficents

for the flow conditions of M=0.22, ReL=l.39x106/ft. and o_=8.0 °.
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Figure 14. Computed upper surface limiting streamlines for (a) a=4.0 °, (b) a=6.0 °,

(c) c_=8.0 °. Results are obtained using the Baldwin-Lomax turbulence

model.
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Figure 15. Computed lower surface limiting streamlines for (a) cz--4.0 °, (b) o_=:6.0 °,

(c) a=8.0 °. Results are obtained using the Baldwin-Lomax turbulence

model.
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Figure 16. Predicted off-body normalized total pressure contours

for or=8.0 °. Solution obtained with Baldwin-Lomax
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Figure 17. Comparisons of predicted and experimental pressure coefficents

for the flow conditions of M--0.22, ReL=l.39x106/ft. and ct=10.1 °.
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Figure 18. Computed upper surface limiting streamlines for a=lO. 1° with varying usage of

Baldwin-Lomax turbulence model: (a) entirely laminar, (b) entirely turbulent,

(c) transition case TR1.
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Figure 19. Predicted off-body normalized total pressure contours

for ot=10.1 °. Solution obtained with Baldwin-Lomax

turbulence model.
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turbulence model plus transition TR1.
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Figure 22. Comparisons of predicted and experimental pressure coefficents for the

flow conditions of M=0.22, ReL=l.39x106/ft. and ot=l 1.9 °. Results are

obtained using B-L turbulence model with and without transition.
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(b) Butt-line pressures on the inboard and outboard wing sections.

Figure 22. Concluded.
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Figure 23. Predicted off-body normalized total pressure contours

for o_=11.9 °. Solution obtained with Baldwin-Lomax

turbulence model.

57



MS=3.8

1 1 //' ,rj,. ll,_ft__j(l,i MS=5.0

'_._',, _k'-_,,,Y,\ \_\_'k \

M\'X:\,

MS =5.9

Figure 24. Cross-flow velocity vectors on the MA Flap at three model

stations for o_=11.9 °. Solution obtained with Baldwin-Lomax

turbulence model.
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Figure 25. Computed upper surface limiting streamlines for 0c=l 1.9 ° using different

transition locations: (a) no transition, (b) transition TR1, (c) transition TR2,

(d) transition TR3. Baldwin-Lomax turbulence model was used.
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Figure 26. Comparison of predicted and experimental pressure coefficents for the

flow conditions of M=0.22, ReL=l.39x106/ft. and ot=l 1.9 °. Results are

obtained using B-L and S-A turbulence models.
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(b) Butt-line pressures on the inboard and outboard wing sections.

Figure 26. Concluded.
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Figure 27. Computed upper surface limiting streamlines for tx=ll.9 ° using different

turbulence models: (a) Baldwin-Lomax, (b) Spalart-Allmaras,

(c) Spalart-AUmaras with transition TR3.
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Figure 28. Predicted off-body normalized total pressure contours

for tz=l 1.9 °. Solution obtained with Spalart-Allmaras

turbulence model.
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turbulence model.
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(a) Pressures on the inboard MA flap.

Figure 30. Comparisons of predicted and experimental pressure coefficents for the

flow conditions of M=0.22, Re_=1.39x106/ft. and (z=14.1 °. Results are

obtained using B-L with and without transition and S-A turbulence models.
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(b) Butt-line pressures on the inboard and outboard wing sections.

Figure 30. Concluded.

67



-2.00 [ o Strip 1

"1 e50

%-_.oo_

-0.50

0.00 I\

i i I 0 .... _ .... i0%:0' 'o'.s' 2.0
s/c_.,_

-2.00

-1.50

-1.00
c,

-0.50

0.00

o.%'.o

Smp2

o

i i i | i • ' • i .... t . i i i !

0.5 1.0 1.5 2.0

S/C]oca]

°2.00

-1.50

Strip 3

o

-I.00 o.--'

-?oOo
eeL....05 O' i ..............0.5 1.0 1.5 2.0

S/C_._

Pressure Port Strips Locations

0 Experiment

N-S ('B-L turb. model)

..... N-S (S-A turb. model)

-2.00 Strip 4

-1.50

Cp-1°°, ;d'o.O___o, o___..o-S

-o.5o i_

0.00 _..

s/c_a

-2.00

-1.50

-1.00
c,

-0.50

0.00

o.5Oo'.o

Slrip 5

V

0.5 1.0 1.5 2.0

S/Clood

(a) Pressures on the inboard MA flap.

Figure 31. Comparisons of predicted and experimental pressure coefficents for the

flow conditions of M=0.22, Rerl.39x10_/ft. and (z---16.1 °. Results are

obatined using B-L and S-A turbulence models.
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(b) Buff-line pressures on the inboard and outboard wing sections.

Figure 31. Concluded.
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Figure 32. Computed upper surface limiting streamlines for tz=14.1 ° using different

turbulence models: (a) Baldwin-Lomax, (b) Baldwin-Lomax with TR2,

(c) Baldwin-Lomax with TR3, (d) Spalart-Allmaras.
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Figure32.Concluded.
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(a)
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ISV-RL

ISV-S

(b)

Figure 33. Computed upper surface limiting streamlines for _=16.1 ° using different

turbulence models: (a) Baldwin-Lomax, (b) Spalart-Allmaras.
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Figure 34. Predicted off-body normalized total pressure contours

for (x=14.1 °. Solution obtained with Spalart-Allmaras

turbulence model.
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Figure 35. Predicted off-body normalized total pressure contours

for ot=16.1 °. Solution obtained with Spalart-Allmaras

turbulence model.
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Figure 36. Cross-flow velocity vectors on the MA Flap at three model

stations for o_=14.1 °. Solution obtained with Spalart-Allmaras

turbulence model.
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Figure 37. Cross-flow velocity vectors on the MA Flap at three model

stations for 0t=16.1 °. Solution obtained with Spalart-AUmaras

turbulence model.
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